Signatures of changes in population size have been detected in genome-wide variation in many species. However, the causes 7 of such changes and the extent to which they are shared across co-distributed species remain poorly understood. During 8 Pleistocene glacial maxima, many temperate European species were confined to southern refugia. While vicariance and range 9 expansion processes associated with glacial cycles have been widely studied, little is known about the demographic history of 10 refugial populations, and the extent and causes of demographic variation among codistributed species. We used whole genome 11 sequence data to reconstruct and compare demographic histories during the Quaternary for Iberian refuge populations in a 12 single ecological guild (seven species of chalcid parasitoid wasps associated with oak cynipid galls). We find support for large 13 changes in effective population size (Ne) through the Pleistocene that coincide with major climate change events. However, 14 there is little evidence that the timing, direction and magnitude of demographic change are shared across species, suggesting that 15 demographic histories are largely idiosyncratic. Our results are compatible with the idea that specialist parasitoids attacking a 16 narrow range of hosts experience greater fluctuations in Ne than generalists. 17 18 21 1 process, there is considerable interest in using genetic variation in modern samples to reconstruct the demo-22 graphic history of populations (see Beichman et al., 2018, for a recent review). A key question is to what 23 extent demographic history has been shaped by past climatic events and, if so, whether such responses are 24 concordant across taxa, or vary with species traits. 25 48 might expect signatures of past increases in population size. Here we discriminate between these alternative 49 hypotheses for Iberian refuge populations of multiple species in a single ecological guild -chalcid parasitoid 50 wasps associated with herbivorous cynipid gall wasp hosts on oak. 51 Oak gall wasp communities are multitrophic systems comprising oak (Quercus) host plants, cynipid 52 2 gall wasp herbivores and chalcid parasitoid natural enemies (Stone et al., 2002). The latter are obligate 53 specialists of cynipid galls, allowing the guild of parasitoids to be considered in ecological isolation. Many of 54 the component species show broad longitudinal distributions, extending from Iberia in the West to Iran in 55
Introduction 19
Natural populations change in size and distribution in response to biotic and abiotic factors over both ecolog-20 ical and evolutionary timescales. Given that population size is a fundamental parameter in the evolutionary (Stone et al., 2012; Bunnefeld et al., 2018) . For refugial populations that formed during the Pleistocene, we we simulated 100 datasets with recombination under the inferred step change model and fitted that model 144 to each simulation replicate. CIs were obtained as 2.5% and 97.5% quantiles of the distribution of parameter 145 estimates, and were centred around the point estimates of parameters obtained from the real data. 146 Reconstructing ancestral population size with PSMC
147
The Pairwise Sequentially Markovian Coalescent (PSMC) (Li and Durbin, 2011) was used to infer a history 148 of population size change in each species. PSMC is a non-parametric method that reconstructs a trajectory 149 of past N e from the density of pairwise differences along the genome via a hidden Markov model in which 150 the hidden states are pairwise coalescence times, the distribution of which is used to estimate N e in discrete 151 time intervals. In each species, the two Iberian individuals with the greatest average read depth were used 152 as the focal pair. Fastq files were generated using samtools mpileup (Li et al., 2009) , and regions covered 153 in both individuals were combined into fastq files using seqtk mergefa (https://github.com/lh3/seqtk) and 154 converted into PSMC input files. PSMC, by default, discretizes pairwise alignments into blocks of 100bp 155 which are encoded as variant if they contain at least one variant. While this makes analyses of large genomes 156 with low diversity (e.g. humans) computationally efficient, this discretisation is too coarse when considering 157 more diverse genomes where the chance of several pairwise differences occurring in the same 100 bp block 158 is non-negligible (which biases N e estimates downwards). We investigated the effect of varying block length 159 (100, 50, 25 and 1bp) on N e inference for the most diverse (E. brunniventris, π = 0.0071) and the least 160 diverse (M. stigmatizans π = 0.00067) species in our set. As expected, population trajectories showed higher 161 N e and were pushed back in time with smaller block lengths ( Figure S1 ). We chose a block length of 25bp 162 for all analyses which minimizes these biases without excessive computational cost. 163 We inferred 30 free interval parameters across 64 time intervals (with the option -p "28*2+3+5"). The 164 maximum coalescence time (-t) was set to 5, the initial value of θ/ρ (-r) to 1. 100 bootstraps were performed 165 for each run. Times of peak N e and values of N e in each time interval were considered to be different between 166 species if there was no overlap in bootstrap replicates. To be able to compare the magnitude of inferred N e 167 change between PSMC and blockwise analyses, we normalised the maximum N e inferred by each method by 168 the long-term average N e estimated simply from π (Table 2 ) asN e,π = π/(4µ) and computed the following 169 measure of N e change: M ax[N e ]/N e,π . Unlike the size of the step change (λ), this measures the maximum 170 N e relative to the average over the entire history of a sample and is therefore expected to be smaller than λ.
171
Calibrating the timing of events Time estimates were converted into years assuming a mutation rate of 3.46 × 10 −9 mutations per base per generation estimated for Drosophila melanogaster (Keightley et al., 2009) . We assumed two generations per 174 year for all species with the exception of M. stigmatizans which has a single generation per year (Stone   175   et al., 2012) . While this calibration allows comparisons with the estimates obtained by Bunnefeld et al.
176
(2018) (calibrated in the same way), these absolute times are likely underestimates and should be treated 177 with caution (given that we use a spontaneous mutation rate estimate and not all de novo mutations are 178 selectively neutral). We stress, however, that comparing the relative timing of demographic events across 179 this set of parasitoids only relies on the assumption of the same per generation mutation rate across species 180 rather than any absolute calibration.
181

Cross-population PSMC analyses 182
To test whether population size changes in each species occurred before or after the divergence between test for population structure within Iberia, we repeated PSMC analyses on every pairwise combination of our 201 five individuals. In a structured population, and given that the sampling locations were widely spaced across 202 Iberia (Table S1) , N e trajectories are expected to differ between pairs of haploid males sampled from the 203 same versus different sub-populations (analogous to the within-and between-population analyses involving 204 Iberian and Hungarian samples).
205
Sensitivity analyses 206
The assumption of no recombination within blocks (which is required to make the composite likelihood 207 estimation tractable) potentially leads to biases in parameter estimates. Specifically, recombination may lead 208 to a downward bias of N e estimates (Wall, 2003; Bunnefeld et al., 2015) . We used simulations in msprime 209 (Kelleher et al., 2016) to quantify the effect of recombination on parameter estimates (Table S2) 
217
Nasonia vitripennis, a chalcid parasitoid (family Pteromalidae), was used as a training set. If selection has a 218 strong effect on demographic inference, estimates of θ are expected to be much lower for genic compared to 219 intergenic regions, as most selection tends to reduce diversity both at selective targets and linked regions of 220 the genome (Smith and Haigh, 1974) . Similarly, we would expect estimates for the time of the step change,
221
T , to be biased towards the present in genic compared to intergenic regions.
222
Results
223
After filtering, the blockwise datasets ranged in total length from 54 to 151 Mb (Table S3 ). The pairwise 224 alignments used as input for PSMC spanned a total length of 161 to 379 Mb (Table S3 ). Despite this difference 225 in overall length, which is mainly a due to missing data and the difference in sample size (two versus five 226 individuals), estimates of average pairwise diversity, as measured by π (Nei, 1972), agreed broadly between 227 the two datasets and were slightly lower for the blockwise data (Table 1) (Table 2) . Across species, π estimates spanned an order of magnitude, from 0.00067 in M. stigmatizans to 0.0071 in E. brunniventris. [207] [208] 207 n/a n/a n/a E. brunniventris 0.00569 523 (521-525) n/a n/a n/a C. fungosa 0.00258 234 (233-235) n/a n/a n/a (Figure 2 and Table 2 ). No evidence for structure within Iberia 279 We find little variation in PSMC trajectories between different Iberian pairs in almost all species ( Figure S2) , 280 suggesting that our demographic inferences are unlikely to be substantially influenced by population structure 281 within Iberia. For all species, with the exception of E. brunniventris, the differences in PSMC trajectories 282 between Iberian pairs are similar in magnitude to the variation across bootstrap replicates and so likely reflect 283 variation in coverage between individuals. E. brunniventris is the only species that showed clear variation in 284 PSMC trajectories between Iberian pairs. While our additional analyses for E. brunniventris suggest other 285 potential reasons for this finding (see Discussion), we cannot rule out that this variation is in part driven by 286 population structure.
287
Sensitivity analyses 288
Both demographic inference methods used here assume selective neutrality but make different simplifying 289 assumptions about recombination: while PSMC approximates recombination as a Markov process along the 290 genome, the blockwise composite likelihood framework assumes no recombination within blocks. To check 291 the extent to which recombination and selection may bias parameter estimates, we fitted histories of a step 292 change to data simulated with recombination. Our exploration of simulated data shows that both N e and 293 λ are underestimated with increasing recombination rate whereas the time of step change (T ) is biased 294 downwards when N e declines towards the present (λ < 1) and upwards when N e increases (λ > 1) ( Table   295   S3 ). These biases are an expected consequence of the shuffling of genealogical histories within a block in the 296 presence of recombination, which reduces the variance in bSFS configurations. Given a recombination rate 297 of r = 3 × 10 −9 estimated for the parasitoids, our simulation check suggests that while estimates of T , the 298 time of the step change may be underestimated by up to a factor of two, the ability to detect a step change 299 and estimate its magnitude (λ) is little affected.
300
To investigate the potential effect of selective constraint on the block based inference we fitted a history 301 of a single step change separately to genic and intergenic regions. Parameter estimates based on genic data 302 for O. nitidulus were similar to the full data set (Table S2 ). While N e is slightly lower and T is slightly 303 greater for genic regions, as would be expected as a result of selective constraints, the timing and relative 304 magnitude of demographic change was little affected by partitioning the data by annotation. -a brief warm period during the last glacial -37 kya and the end of the Eemian interglacial around 106 354 kya. Previous studies on these and other species in the gallwasp community have inferred an increase in 355 gene flow between refugia during these three time periods (Bunnefeld et al., 2018; Lohse et al., 2010 Lohse et al., , 2012 .
356
In particular, the cluster of peak N e times during the Dansgaard-Oeschger interstadial event coincides with 357 a large community-wide peak in the frequency of admixture between refugia inferred by Bunnefeld et al. , 2012) . It seems plausible that both events are associated with the geographic expansion of suitable 361 oak habitat across refugial barriers during these times (Brewer et al., 2002; Petit et al., 2002) , which may 362 have triggered parasitoid range expansions.
363
Population structure within Iberia and gene flow from Eastern refugia Population structure within southern European refugia has previously been demonstrated for some species, 365 and it has been suggested that given its complex topography Iberia should be considered a mosaic of multiple 366 micro-refugia rather than a single entity (Feliner, 2011; Hearn et al., 2014) . However, our PSMC results 367 suggest a complete lack of population structure in six out of seven species in the parasitoid guild ( Figure   368 S2) and imply high gene flow across Iberia. This is perhaps unsurprising given that gallwasp-associated 369 parasitoid wasps (and other chalcids) are able to disperse long distances even across patchy habitats and host 370 distributions (Hayward and Stone, 2006; Compton et al., 2000) .
371
Our estimates of population split times based on comparisons of within and cross-population PSMC shows signals of population structure and is the only species for which our two inference approaches disagree.
380
While the blockwise analysis gives no support for a change in N e , the PSMC trajectory shows a steady 381 increase by a factor of four. To explore the ability of the blockwise analyses to detect gradual changes in 382 population size, we simulated 100 replicate data sets (assuming the same size and block length as the real 383 data) under the gradual change in N e inferred via PSMC for E. brunniventris. We find that in each case, 384 a history of a single step change fits the data better than a null model of constant N e , indicating that the 385 blockwise analysis is indeed sensitive to gradual increases in population size. A possible explanation for the 386 discrepancy between the PSMC and blockwise inferences for E. brunniventris is that its genome assembly, the 387 least contiguous among our set of taxa (N50 of 3.8kb, Table S1 ), is simply too fragmented for reliable PSMC 388 inference. Since by default PSMC does not consider contigs < 10kb long, PSMC inference for E. brunniventris 389 is based on a likely conserved subset of the genome. However, even when the blockwise analysis is limited to 390 contigs > 10kb, a null model of constant N e cannot be rejected. Interestingly, both a history of constant N e 391 and a step change model give a poor fit to the observed frequency of bSFS configurations in E. brunniventris.
392
In particular, E. brunniventris shows an excess of both monomorphic blocks and blocks with a large number 393 of variants ( Figure S4 ), suggesting that its history is not well approximated by any model that assumes a 394 single panmictic population. The lack of divergence of within and cross-population PSMC trajectories for E. Figure S3 , Table S1 ). Although these trends are not significant, they are compatible with the idea that 409 specialists are more prone to large changes in N e than generalists and, as a consequence, may also be at 410 a higher risk of extinction (Colles et al., 2009; McKinney, 1997) . Larger samples of species, incorporating 411 wide diversity in host number and other relevant traits (such as dispersal ability) are required to explore the 412 potential relationships between species characteristics and demographic history.
413
Parasitoid wasps are particularly suited for such systematic comparisons across co-distributed species given 414 their rich biology and manageable genomes, which can be sampled in a haploid state by targeting males. It 415 will be particularly interesting to interrogate such data with a new generation of inference approaches that block length=50, µ=1.73e-9 block length=25, µ=8.65e-10 block length=1, µ=3.46e-11 M. stigmatizans Figure S1 : N e trajectories inferred by PSMC using different block lengths for E. brunniventris and M. stigmatizans. The mutation rate is adjusted accordingly for each block length. Table S3 : Assembly summaries. N50: 50% of the assembly is contained in contigs of length equal to or greater than this value. CEGMA (Core Eukaryotic Genes Mapping Approach): full or partial presence of a core set of eukaryotic genes. r: recombination rate per base pair per generation estimated by Bunnefeld et al. (2018) .
Species
Assembler N50
Assembly Figure S3 : Goodness of fit of the best fitting demographic histories for seven species of parasitoids. The observed frequencies of blockwise configurations defined via the folded SFS are shown in orange (left). The expected frequency under the best fitting history is shown on the right for four species fitting a step change model (top, black) and three species for which a constant N e could not be rejected (bottom, gray) .
For a sample of n = 5 the folded SFS has two entries j 2,3 , j 1,4 . The log composite likelihood, lnCL (per block), a measure of absolute goodness of fit of the data to the inferred model, is shown for each species.
29
(a) (b) Figure S4 : (a) Host range and (b) ancestral N e of species with and without N e changes inferred by the likelihood method.
